Abstract Most state-of-the-art climate models show significant systematic biases in the tropical southeastern Pacific (SEP) and tropical North Atlantic (TNA). These biases manifest themselves as the sea surface temperature (SST) in the SEP being too warm and the SST in the TNA being too cold. That is, as the cold SST biases appear in the TNA, the warm SST biases also occur in the SEP. This indicates that if climate models cannot succeed in simulating the TNA variability, they will also fail at least partially in the SEP. Our coupled model experiments show that the cold SST bias in the TNA results in a weakening of the Hadley-type circulation from the TNA to the SEP. This meridional circulation reduces the South Pacific subtropical anticyclone and the associated subsidence, which in turn leads to a reduction of low clouds, a weakening of the easterly trade wind, and thus an increase of the warm SST bias in the SEP.
Introduction
In observations, the large asymmetry of SST about the equator is one of the most striking climate features in the eastern tropical Pacific. In this region, SST is higher to the north and lower to the south throughout the seasonal cycle. In association with the cool SST, the SEP is characterized by large-scale subsidence, extensive and persistent stratocumulus clouds. Under the subsidence, surface winds evaporate water vapor from the ocean, but the atmospheric inversion prevents the moist air from rising to significant elevations. A thin layer of stratus or stratocumulus clouds form at the base of the inversion and shield the ocean surface from solar radiation. Light precipitation (drizzle) under the stratus cloud deck is also a prominent regional feature. The subsidence over the SEP during the austral summer (boreal winter) is suggested to be related to the monsoonal heating over South America. Rodwell and Hoskins [2001] demonstrate by using an atmospheric model that Rossby wave response to heating associated with the South American monsoon system interacting with the midlatitude westerlies produces descending motion to the west of the South American heating (i.e., over the SEP). Richter and Mechoso [2008] demonstrate that the westerly wind impinging on the Andes Mountains contributes to sinking along the equatorward-sloping isentropes thus promoting subsidence over the SEP. This process must be at work in all seasons, but the effects would be primarily confined near the coastal region.
Most climate models fail to reproduce the observed seasonal cycle in the eastern tropical Pacific [Szoeke and Xie., 2008; Mechoso et al., 1995] . One of the most common errors in climate models is a warm SST bias in the SEP, with the warm bias extending thousands of kilometers off the coast of Peru. The warm SST bias in the SEP may have multiple sources. One is the shortage of model low-level stratus clouds in the region, so that an excessive amount of solar radiation reaches the sea surface [Ma et al., 1996; Meehl et al., 2005] . Near the South American coast, warm SSTs could be associated with weak coastal upwelling due to the underestimation of alongshore surface winds [Huang and Schneider, 1995; Schneider et al., 1997] . Furthermore, Current Ocean GCMs do not have high enough resolution to resolve vigorous mesoscale eddies which spread the cold signals from the coastal upwelling zone into the open ocean [Colbo and Weller, 2007] . Overall, these studies primarily focus on the local influence on the SST bias in the SEP. western tropical North Atlantic. In extent, the AWP varies on seasonal, interannual, and multidecadal time scales with maximum size that is almost 3 times the smallest one when it is as its annual low in the boreal summer/fall [Wang et al., 2008] . During the season of maximum extent, a strong Hadley-type circulation is established with ascending branch near the AWP and subsidence over the SEP. On longer time scale, they pointed out that an anomalously large (small) AWP during the boreal summer results in a strengthening (weakening) of the Hadley-type circulation with enhanced descent (ascent) over the SEP. Climate models in CMIP5 further show that virtually all of coupled models have significant, but synchronous biases in the SEP and TNA Oceans (Figure 1 ). The bias here is defined as the SST difference between the CMIP5 model and observation (ERSST, see section 2). These biases manifest themselves as the SST in the SEP Ocean being too warm and SST in the TNA being too cold. The magnitude of these biases can be as large as 3 C or more, resulting in a significant distortion of the coupled annual cycle of the tropical eastern Pacific and Atlantic in these models. Given the magnitude of these biases and the interhemispheric influence of the AWP on the SEP, an interesting question arises: Is it possible that the warm bias in the SEP may be attributed, at least partially, to the cold biases in the TNA?
By focusing on the SST biases in CMIP5 climate models [Wang et al., 2014] , we find that there is a link between the cold bias in the TNA and the warm bias in the SEP. The purpose of the present paper is to demonstrate that the cold bias in the TNA does contribute to the warm bias in the SEP by performing sensitivity model experiments. In section 2, we describe the models and data sets used in this paper. The relationship between the TNA cold bias and the SEP warm bias in CMIP5 models is briefly reviewed and described in section 3. In section 4, we present the coupled ocean and atmosphere model response to the TNA cold SST bias. A short discussion and summary are given in section 5.
Coupled Models and Methods
This study is based on output from 18 Coupled Model Intercomparison Project Phase 5 (CMIP5) GCM runs corresponding to the ''historical'' collection of simulations [Taylor et al., 2012] . The historical run is forced by observed atmospheric composition changes which reflect both anthropogenic (green house gases) and natural sources (volcanic influences, solar forcing, aerosols and emissions of short-lived species, and their precursors) and, for the first time, including time-evolving land cover. These historical runs cover much of the industrial period from the mid-19th century to the near present. Variables SST, zonal wind, and meridional wind at 850 hPa spanning from 1900 to 2005 are used in this study. The modeling center, country, and name are listed in Table 1 .
Observational SST data from the NOAA Extended Reconstruction Sea Surface Temperature version 3 (ERSST v3) [Smith and Reynolds, 2004] was used to validate the variability of the coupled GCM simulations. The temporal coverage is from January 1854 to the present and it has a spatial resolution on a 2 3 2 grid. Because we are interested only in large-scale features, unless otherwise specified, all model outputs and ERSST data are interpolated to a 1 3 1 grid. The SST bias here is defined as the climatological SST difference between the CMIP5 model and ERSST. The averaged time period chosen here is from 1900 to 2005.
To investigate the physical mechanism connecting the TNA and SEP SST biases, we conduct two sensitivity experiments by using the fully coupled NCAR Community Earth System Model (CESM1.0.4) . 
Relationship Between the TNA Cold Bias and SEP Warm Bias in CMIP5 Models
The model simulations in CMIP5 show a large cold SST bias in the TNA, with ensemble mean amplitude up to 2.5 C (Figures 1a-1d ). This cold bias persists throughout the whole year without a significant seasonal variability. Here, the SST bias is calculated by subtracting the climatological ERSST from the ensemble mean CMIP5 models. For the spatial structure, the TNA cold bias tilts northeastward to the eastern subtropics, which coincides with the trade wind location and the subduction path. This implies that the cold bias may be related to the latent heat bias as a result of the overestimated trade wind strength [Liu et al. 2012] or associated with the bias in the subtropics which propagates southward due to the subduction or advection process of subtropical gyre. These possible mechanisms causing the SST bias in the TNA region will be the subject of future work. Then we turn attention to the SEP where a large warm SST bias exists in excess of 2.5 C off the coast of Peru (Figures 1a-1d ). This warm bias extends northward to the south of the equator in the eastern tropical Pacific and northwestward to the equator around 100 W. Similar to the cold bias in the TNA, the SEP warm SST bias is significant in all models and occurs in all seasons.
To further examine the linkages of SST bias between the TNA and SEP, we plot these biases in a scatterplot format using 18 CMIP5 models. As shown in Figures 2a-2d , the TNA cold bias is negatively correlated with the SEP warm bias in all seasons. It means that as a cold SST bias appears in the TNA, a warm SST bias occurs in the SEP. This intermodel negative correlation between the TNA and SEP SST biases has higher values in summer and autumn (Figures 2b and 2c) , with a correlation up to 20.58 and 20.60, respectively. In contrast, the correlations are 20.41 in winter (Figure 2d ) and 20.38 in spring (Figure 2a ). This interhemispheric SST bias relation shows a remarkable resemblance to the AWP-SEP teleconnection proposed by Wang et al. [2010] , supporting the possibility that the SST bias in the SEP may be partially attributed to the remote effect of the large SST biases in the TNA.
In order to investigate the physical linkages between TNA bias and SEP bias further, we select the three models with the largest (EC-EARTH, IPSL-CM5B-LR, and MRI-CGCM3) and the three models with the smallest (CanESM2, MPI-ESM-LR, and MPI-ESM-P) TNA-SEP bias dipole. The SST and 850 mb wind differences between the large and small TNA-SEP dipole bias models are exhibited in Figure 3a . As expected, there is a cold SST anomaly in excess of 3 C over the TNA and a warm SST anomaly on the order of 2.5 C off the coast of Peru. The wind difference is characterized by an anticyclonic wind over the TNA in response to the cold SST, which is consistent with previous studies [Wang and Enfield, 2001; Zhang and Wang, 2012] . Note that the northeast wind branch is extremely strong, which extends to the eastern tropical Pacific, and induces northeasterly wind anomalies north of the equator, northerly cross-equatorial winds, and northwesterly winds (due to Coriolis force) south of the equator. This C-shaped wind anomaly coincides well with the eastern Pacific north-south dipole SST pattern, suggesting an important role of the wind-evaporation-SST (WES) feedback. It is also confirmed by the surface latent heat flux difference which favors the SEP warm anomaly ) and divergent wind (m/s) differences. The dotted region denotes that the difference is significant at 90% confidence level based on the t-test. (not shown). The impact of the anomalous TNA cooling on the SEP can be further examined by inspecting the difference between the velocity potential and divergent wind at 850 mb, as displayed in Figure 3b . It is clearly seen that the cold TNA is associated with divergent flow of the lower troposphere that crosses the equator into the SEP. That is, the anomalous Hadley-type circulation shows descent in the western TNA and ascent over the SEP. In view of the mean atmospheric circulation, the effect of the anomalous SST cooling in the TNA is to weaken the regional Hadley-type circulation from the TNA region to the SEP. This Note that the SST and wind differences are calculated between the large and small TNA-SEP dipole SST bias models, which may also include the effects of other variability in regions such as the tropical eastern south Pacific and Africa. Therefore, next we use the fully coupled CESM1.0.4 model experiments to demonstrate the influences associated with variability in the circulation due to the TNA cold bias.
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Coupled Model Response to the TNA Cold SST Bias
The annual mean SST response in the eastern tropical Pacific is characterized by a north-south dipole, with the cold and warm anomaly north and south of the equator, respectively (Figure 4a ). The magnitude of the SEP SST warm response is as high as 0.6 C, which accounts for 25%-30% of the SEP warming bias presented in Figure 1 . This suggests that the SST bias in the SEP is partially attributed to the remote effect of the cold SST biases in the TNA. In contrast to the SEP warm bias in CMIP5 models which is mainly confined east of 110 W, the modeling warm response in the SEP Ocean occupies a broad region, which extends northwestward from the coastal region into the central and western equator. This may be due to the positive effect of Bjerknes and WES feedbacks. The former tends to propagate the warm anomaly from the eastern Pacific to the western Pacific and the latter plays an important role for the warm SSTs propagating from the extratropics to the tropics. Our model results here suggest that the cold TNA SST can induce a warm-pool El Niño events, with a center of action located in the central Pacific. This is consistent with Ham et al. [2013] who argued that the identification of temperature anomalies in the TNA could help to forecast the development of different types of El Niño events. ) differences between the RES_TNAbias and RES_CTRL runs. The dotted region denotes that the difference is significant at 90% confidence level based on the t-test. The SEP warm SST anomaly can be generated as follows: the TNA cold bias suppresses convection and rainfall near the AWP region (Figure 4b ), producing a surface high extending to the eastern tropical North Pacific, a Rossby wave response (Figure 4c ). Over the eastern tropical Pacific, this anomalous high induces northeasterly wind anomalies north, northerly cross-equatorial winds, and northwesterly winds south of the equator (Figure 4a ). This C-shaped wind anomaly generates a dipole SST anomaly (warm and cold south and north of the equator, respectively) through changes in evaporation. It appears that this coupled WES feedback, which has been extensively studied in relation to tropical Atlantic variability [Xie and Carton, 2004] , acts to amplify the SST dipole. The northwesterly wind south of the equator also reduces the coastal upwelling, which also partly contributes to the SEP warm anomaly. The formation of cross-basin nondivergent wind is primarily due to the weakening of the Hadley-type circulation from the AWP region to the SEP as a result of the cold SST bias imposed in the TNA region. As exhibited in Figures 5a and 5b , the TNA cooling is associated with a divergent circulation in the low troposphere that crosses the equator into the South Pacific and vice versa for the upper troposphere. This meridional circulation reduces the South Pacific subtropical anticyclone (Figure 4c ) and the associated subsidence, which in turn leads to a reduction of low clouds, a weakening of the easterly trade wind and thus an increase of the SST.
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A heat budget analysis in the SEP region further confirms the physical mechanisms discussed above. It can be seen that the SEP warming is mainly associated with the surface heat flux heating (Figure 6a ), whereas the ocean dynamics which is mainly contributed from the temperature advection by the anomalous vertical current (Figure 6f ) play a damping role except in the southwestern coastal region (Figure 6e ). The positive contribution of heat flux arises from both the surface radiative and turbulent heat fluxes (Figures 6b and  6c) . The warm effect of radiative heat flux is dominant by the short wave radiation as a result of a reduction of low clouds (Figure 6d ). As discussed above, the regional Hadley-type circulation from the AWP region to the SEP is significantly weakened, leading to a reduction of the SEP subsidence, a decrease of the stratocumulus, and thus an increase of the downward shortwave radiation. The turbulent heat flux is primarily attributed to the latent heat flux due to the weakening of the trade wind (Figure 4a ), while the sensible heat flux is of secondary importance (not shown).
There are both local and remote atmospheric responses to the TNA cold bias. Here the baroclinic and barotropic stream functions are calculated as w c 5ðw 850mb 2w 250mb Þ=2 and w t 5ðw 850mb 1w 250mb Þ=2, respectively. As shown in Figure 5d , the baroclinic stream function response shows a pair of anticyclones: one in the TNA and northeastern Pacific and the other in the SEP and South America. This model response is largely consistent with Gill's [1980] solution to a cooling anomaly slightly north of the equator [Heckley and Gill, 1984] . Different from the atmosphere model response in Wang et al. [2010] , there is also a strong pair of cyclones in the western Pacific. This can be interpreted as follows: the SEP warm anomaly gradually propagates to the western and central Pacific due to the positive Bjerknes and WES feedbacks, which induces a large amount of precipitation there (Figures 4a and 4b ). The heating anomaly over the western tropical Pacific eventually induces a baroclinic response represented by a pair of cyclones. In addition to the baroclinic response, the tropical Pacific warming also triggers the classical Pacific North America (PNA) pattern, which is largely barotropic [e.g., Horel and Wallace, 1981] . The PNA teleconnection is clearly seen from the barotropic stream function (Figure 5c ) and the geopotential height responses (Figures  7a-7c ). As shown in Figure 7 , the structure of the middle latitude geopotential response shares great similarities in the upper (Figure 7c ), middle (Figure 7b ), and low ( Figure 7a ) layers, with a low pressure in the North Pacific Ocean, a high pressure in the North America land, and a low pressure in the south United States, representing a positive phase of the PNA response which is largely barotropic.
Consistent with the atmosphere model responses in an AGCM [Wang et al., 2010] and in a simple atmospheric model [Lee et al., 2009] , the barotropic component also shows a pattern of alternating high and low centers from the TNA to high latitudes (Figure 5c ). In response to the PNA teleconnection, the surface wind in the North Pacific Ocean is characterized by a cyclone, which generates a horseshoe-like SST pattern, with a cooling in the northwestern and central Pacific and a warming in the east extending northwest into the subpolar ocean and southwest into the subtropics (Figure 4a ). This SST response is mainly due to the surface heat flux and temperature advection by the anomalous meridional current (not shown). The eastern warming is also propagated to the western tropics by the positive WES feedback as seen in other models [Zhang et al., 2011a [Zhang et al., , 2011b , which in turn reinforces the tropical Pacific warming, the western Pacific baroclinic cyclones, and the subsequent PNA teleconnection. Therefore, the TNA cold bias not only induces SST response in the SEP, but also induces significant SST responses in the North Pacific. We also find that there is a close relationship between the TNA cold bias and the North Pacific cold bias in CMIP5 models. However, that is beyond the scope of this study, but subject to future work.
Discussions and Summary
The results presented here suggest that the SEP warm bias in coupled ocean-atmosphere models may come from remote processes, in addition to the local sources. The leading candidates for the local influence are regional feedbacks between stratocumulus clouds, surface winds, upwelling, coastal currents, and SST in the SEP region, which are poorly represented in many climate models. On the other hand, the SEP warm bias may contain a significant component that comes from the large biases in the TNA via remote processes. This remote effect can be seen in CMIP5 models: those models with colder TNA bias have warmer SEP bias, and vice versa. We use the numerical experiments of CESM1.0.4 to show that as much as 30% of the warm SST bias in the SEP can be attributed to the cold SST biases in the TNA. If this assessment is accurate, then the remote impact of the TNA biases is too significant to be ignored. This means that effort of reducing coupled model biases in the SEP should take into consideration not only the local processes, but also the remote influence, especially in the TNA.
The detailed mechanism through which the TNA biases affect the SEP is briefly explored in this study. The cold bias in the TNA region weakens the Hadley-type circulation from the AWP region to the SEP. The TNA cooling is associated with a divergent (convergent) circulation in the low (upper) troposphere that crosses the equator into the South Pacific. This meridional circulation and the associated subsidence reduce the South Pacific subtropical anticyclone, and in turn lead to a reduction of low clouds, a weakening of the easterly trade wind and thus an increase of the SST. This indicates that if models cannot succeed in simulating the TNA variability, they will also fail at least partially over the SEP. The CMIP5 data for this paper are available through the Earth System Grid-Center for Enabling Technologies (ESG-CET), on the page http://pcmdi9. llnl.gov/. The ERSST data are available at NOAA's Earth System Research Laboratory, on the page http://www. esrl.noaa.gov/psd/data/gridded/. Data set: NOAA Extended Reconstructed SST. Data set name: sea surface temperature. The model output used in this paper is available upon request. 
